Background-Angiogenesis is a natural mechanism to restore perfusion to the ischemic myocardium after acute myocardial infarction (MI). Therapeutic angiogenesis is being explored as a novel treatment for MI patients; however, sensitive, noninvasive in vivo measures of therapeutic efficacy are lacking and need to be developed. Here, a molecular magnetic resonance imaging method is presented to noninvasively image angiogenic activity in vivo in a murine model of MI with cyclic Asn-Gly-Arg (cNGR)-labeled paramagnetic quantum dots (pQDs). The tripeptide cNGR homes specifically to CD13, an aminopeptidase that is strongly upregulated during myocardial angiogenesis. Methods and Results-Acute MI was induced in male Swiss mice via permanent ligation of the left anterior descending coronary artery. Molecular magnetic resonance imaging was performed 7 days after surgery and up to 2 hours after intravenous contrast agent administration. Injection of cNGR-pQDs resulted in a strong negative contrast that was located mainly in the infarcted myocardium. This negative contrast was significantly less in MI mice injected with unlabeled pQDs and in sham-operated mice injected with cNGR-pQDs. Validation with ex vivo 2-photon laser scanning microscopy revealed a strong colocalization of cNGR-pQDs with vascular endothelial cells, whereas unlabeled pQDs were mostly extravasated and diffused through the tissue. Additionally, 2-photon laser scanning microscopy demonstrated significant microvascular remodeling in the infarct/border zones compared with remote myocardium. Conclusions-cNGR-pQDs allow selective, noninvasive detection of angiogenic activity in the infarcted heart with the use of in vivo molecular magnetic resonance imaging and ex vivo 2-photon laser scanning microscopy. (Circulation. 2010; 121:775-783.)
geted contrast agents. 9, 10 Only a few reports are available that describe molecular imaging of cardiac angiogenesis with nuclear 11, 12 or optical 13 imaging.
We investigated the applicability of molecular MRI for detecting angiogenic activity noninvasively in vivo in the mouse heart after acute MI. Clinical advantages of MRI include excellent soft tissue contrast and spatial resolution and the absence of ionizing radiation. Compared with nuclear and optical imaging, the detection limit for molecular markers is significantly higher for MRI.
Previously developed Gd-labeled paramagnetic quantum dots (pQDs) conjugated with the cyclic tripeptide Asn-Gly-Arg (cNGR) 14 were chosen as the contrast agent to selectively image the myocardial neovasculature. cNGR homes specifically to CD13, a membrane-bound aminopeptidase that is strongly upregulated on endothelial cells of angiogenic vessels in the infarcted area and border zones of the myocardium, with a peak expression level at 7 days after MI. 13, [15] [16] [17] The present study shows the applicability of noninvasive molecular MRI for detecting myocardial angiogenesis in vivo with a cNGR-labeled contrast agent. The specificity of the targeted agent was supported by a significantly lower image contrast in sham-operated mice and in MI mice receiving unlabeled control contrast agent. Results were confirmed with ex vivo 3-dimensional 2-photon laser scanning microscopy (TPLSM), which provided information on microvascular structure and contrast agent localization at a subcellular resolution.
Methods

Contrast Agent
Streptavidin-coated cadmium-selenium-based QDs with 585-nm emission wavelength (1 mol/L in borate buffer, pH 8.3) were purchased from Invitrogen (Breda, the Netherlands). cNGR-labeled pQDs were freshly prepared for each experiment by mixing 100-L QDs with biotinylated Gd-wedge, a poly(lysine) dendrimer comprising 8 Gd-DTPA moieties, and biotinylated cNGR peptide in a molar ratio of 1:24:6 as described previously. 14 Biotinylated Gd-wedge and cNGR were synthesized with tBoc solid-phase peptide synthesis. 18 -20 Unlabeled pQDs were prepared similarly but without cNGR. The maximum number of cNGR ligands and Gd-DTPA groups per cNGR-pQD particle was 6 and 192, respectively, 14 resulting in a total administered dose of Ϸ0.5 mol Gd/kg body weight. At 7 T, the ionic longitudinal and transverse relaxivities were 7.1 and 49 (mmol/L Gd) Ϫ1 ⅐ s Ϫ1 , respectively. Furthermore, the susceptibility shift was 3.1ϫ10 Ϫ2 ppm per 1 mmol/L Gd (see the Methods section in the online-only Data Supplement).
The plasma half-lives of cNGR-labeled and unlabeled pQDs were 7.1Ϯ1.5 minutes and 7.1Ϯ1.4 minutes, respectively (Pϭ0.5), as estimated in tumor-bearing mice with dynamic MRI (not shown). Similar systemic behavior is expected in the present animal model of MI. Both contrast agents are cleared from the circulation mainly by the liver and spleen. 14
Animal Model
All of the experiments were approved by the institutional ethics committee on animal welfare. MI was induced in 12-week-old male Swiss mice via permanent occlusion of the left anterior descending coronary artery (see the Methods section in the online-only Data Supplement). MI mice were divided into 2 groups and received either cNGR-pQDs (nϭ6) or unlabeled pQDs (no targeting ligand; nϭ4). An additional group of sham-operated mice was injected with cNGR-pQDs (nϭ5). MRI experiments were performed 7 days after surgery because the level of angiogenic activity is maximal at this time point. 11, 13 Before MRI, mice were anesthetized with 1% to 2% isoflurane (Abbott Laboratories Ltd, Queensborough, UK) in medical air. The left jugular vein was exposed, and contrast agent was injected with a 30-gauge needle. Next, the wound was closed and the mouse was transferred to an animal bed with a built-in anesthesia mask. Neonatal ECG electrodes (3M, St Paul, Minn) were placed on the paws of the right front leg and left hind leg and connected to an MR-compatible small-animal monitoring system (SA Instruments, Stony Brook, NY). Temperature and respiratory rate were also continuously monitored.
MRI Protocol
MRI was performed on a 7-T Bruker Biospec 70/30 USR (Bruker Biospin GmbH, Ettlingen, Germany) with the BGA12-S miniimaging gradient (maximum gradient strength, 720 mTm Ϫ1 ; slew rate, 6000 Tm Ϫ1 ⅐ s Ϫ1 ) interfaced to an AVANCE II console. Images were acquired with a quadrature volume resonator with a 3.5-mm inner diameter. First, a bright-blood cine image with 10 cardiac phases was recorded in the horizontal long-axis view with a retrospectively self-gated protocol (IntraGate, Bruker Biospin GmbH; see Movies I and II in the online-only Data Supplement). Second, a short-axis, apical self-gated cine image was recorded, passing through the infarction as seen on the long-axis view (Figure 1 ). This short-axis orientation was applied for all subsequent images. Next, ECG-triggered, respiratory-gated, end-diastolic bright-blood gradient-echo images were recorded as follows: repetition time, 15 Diagonal lines indicate the location of the short-axis image (slice thickness, 1 mm). Note that because of LV dilatation, the RV was usually not visible in the apical shortaxis images. B, Short-axis image showing segmentation of the LV into 8 radial segments. Barϭ1 mm. C, Endocardial radial shortening vs myocardial segment. Segments 1, 2, 7, and 8 showed a reduced endocardial radial shortening and were categorized as infarct/border zone (gray), whereas segments 3 through 6 were considered remote myocardium. The anterolateral location of the infarction corresponds with the territory that is normally perfused by the left anterior descending coronary artery. ms; echo time, 2.9 or 6.0 ms; flip angle, 50°; slices, 1; thickness, 1 mm; signal average, 4; field of view, 4ϫ4 cm 2 ; matrix, 256ϫ256; in-plane resolution, 0.16ϫ0.16 mm 2 ; and acquisition time, Ϸ3 minutes. Image acquisition was started 30 minutes after contrast agent administration and was repeated every 10 minutes up to 2 hours after contrast, after which point mice were euthanized by cervical dislocation. Fifteen minutes after death, mice were repositioned in the MRI scanner, and postmortem short-axis spin-echo images were recorded (repetition time, 1300 ms; echo time, 9.1 ms; slices, 5; thickness, 1 mm; field of view, 4ϫ4 cm 2 ; matrix, 256ϫ256), covering most of the left ventricle (LV). These images allowed more accurate infarct size determination than in vivo images because the healthy myocardium significantly thickens postmortem, whereas the infarcted myocardium stays thin. Furthermore, the T1, T2, and T2* relaxation times were quantified postmortem (see the Methods section in the online-only Data Supplement). Finally, hearts were excised, embedded in optimal-cutting-temperature compound (Sakura Finetek Europe, Zoeterwoude, the Netherlands), snap-frozen in ice-cold 2-methylbutane (Acros Organics, Geel, Belgium), and transferred to liquid nitrogen. Tissues were stored at Ϫ80°C until TPLSM measurements.
MRI Analysis
All of the data processing was performed in Matlab (MathWorks, Natick, Mass) unless stated otherwise. Regions of interest were drawn manually in MRIcro. 21
Ejection Fraction
Orthogonal long-and short-axis cine images were used to determine the LV ejection fraction (EF). Therefore, end-diastolic and end-systolic volumes were estimated with the biplane ellipsoid model, 22 and the EF was calculated as follows: (EDVϪESV)/EDVϫ100%, where EDV is end-diastolic volume and ESV is end-systolic volume.
Infarct Size
The infarct size was defined as the percentage of the LV surface that was infarcted and was determined as follows. The LV circumference was measured in each slice of the postmortem images with ImageJ (National Institutes of Health, Bethesda, Md) and multiplied by the slice thickness to generate the total LV surface. The size of the infarction was measured analogously. Next, the infarct area was divided by the LV area to obtain the infarct size.
Thickness of the Septum
To investigate the development of myocardial hypertrophy, the thickness of the septum during end systole was determined on the long-axis cine images. Measurements were performed manually in ImageJ at the thickest part of the septum.
Myocardial Segmentation
To estimate local cardiac function, the LV myocardium was divided into 8 radial segments 11 ( Figure 1B) . In each segment, the contractile function was assessed via the endocardial radial shortening. 23 To this extent, endocardial contours were drawn on the end-systolic and end-diastolic short-axis cine frames and the radius (r) was defined as the distance between the endocardial border and the LV center. The endocardial radial shortening was then calculated as (r ED Ϫr ES )/ r ED ϫ100% and plotted as function of segment number ( Figure 1C ). Segments with reduced endocardial radial shortening were categorized as infarct/border zone by 2 readers in consensus. The remaining segments were considered remote myocardium. Segmentation was performed for each MI mouse individually because infarct size and location varied between animals. No segmentation was performed for sham-operated mice.
Hypointense Area
The size of the hypointense area was measured in each segment by counting the number of voxels with signal intensity below a threshold value and multiplying this number by the voxel size. Thresholds were defined for each image individually as the mean signal intensity in a reference region minus 2 times the SD in this region. Reference regions were drawn manually outside the heart in (nonangiogenic) skeletal muscle tissue. Additionally, contrastto-noise ratios were calculated for infarct/border and remote myocardium versus skeletal muscle. Noise was measured outside the mouse (air).
TPLSM Protocol
Hearts were thawed and washed in Hank's balanced salt solution (pH 7.4) to remove excess optimal-cutting-temperature compound. Next, vascular endothelial cells were stained with anti-CD31-FITC (0.5 mg/mL, BD Biosciences Pharmingen, Alphen a/d Rijn, the Netherlands) diluted 20 times in Hank's balanced salt solution. Hearts were embedded in 2% (wt/vol) agarose gel (Invitrogen), and images were recorded in the infarction (identified visually by the pale color of the myocardium and the location of the ligature), border zone (0.5 to 1.0 mm proximal to the infarction), and remote myocardium (basal part of the heart). In-depth TPLSM images were acquired as described previously 14 (see the Methods section in the online-only Data Supplement).
TPLSM Analysis
TPLSM images were analyzed semiquantitatively with ImageJ. The following parameters related to microvascular structure and pQD distribution were considered, with their scores indicated in parentheses: number of vessels (0ϭlittle, 3ϭmany), vessel size (0ϭsmall, 2ϭlarge), vessel structure (0ϭchaotic, 2ϭparallel), number of QDs (0ϭabsent, 3ϭmany), intravascular QDs (0ϭno, 1ϭyes), colocalization QDs with endothelial cells (0ϭno, 1ϭyes), and QD extravasation (0ϭno, 1ϭyes).
Statistics
Values are presented as median with 25th to 75th percentiles indicated in parentheses unless stated otherwise. Statistical analysis was performed with SPSS 17.0 (SPSS, Inc, Chicago, Ill). Independent and related samples were compared through the use of a nonparametric Mann-Whitney U test and Wilcoxon signed-rank test, respectively. Values of PϽ0.05 were considered significant. A Kruskal-Wallis test with multiple comparisons for the 3 groups was performed for the whole myocardium. For the time course of the hypointense area, the difference between the 2 groups was tested with a random-effects model to correct for the correlation of the time series within the same mouse.
Results
LV Function and Infarct Size
No significant difference in body weight was observed between MI mice and sham-operated mice ( Table 1) . MI mice showed a strongly dilated LV on horizontal long-axis cine 
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images ( Figure 1A ). The infarction was clearly visible as a hypokinetic or akinetic apical region with a thin myocardial wall (Movie I in the online-only Data Supplement). Shortaxis cine images were recorded perpendicular to the long-axis plane and transected the infarction ( Figure 1B) . Here, an impaired contractile function was also clearly observed. In contrast, sham-operated mice showed normal LV contractility and wall thickness on long-and short-axis cine images (Movie II in the online-only Data Supplement). No significant differences were found in heart rate and respiration rate between the 3 experimental groups (Table 1 ). Furthermore, MI mice showed an increased thickness of the septum compared with sham-operated mice, indicating development of myocardial hypertrophy in response to MI. Global LV function was assessed by the EF, as determined with the biplane ellipsoid model. 22 The validity of the model was confirmed by the EF of sham-operated mice (Table 1) , which corresponded with previously published values for healthy mice. 24 -26 In contrast, a significantly lower EF was found for both infarct groups ( Table 1 ). No differences in EF were found between the MI groups, indicating similar global LV function. In addition, the infarct size was not significantly different between the MI groups ( Table 1 ). Figure 2 shows short-axis gradient-echo images at 60 minutes after contrast administration for a representative mouse from each experimental group. A large hypointense area was observed in the myocardium of MI mice injected with cNGR-pQDs, which was much smaller or absent in MI mice injected with unlabeled pQDs or in sham-operated mice injected with cNGR-pQDs. Any blood pool effect of circulating contrast agent was excluded on the basis of the similar plasma half-life.
Contrast Agent Uptake on Molecular MRI
Images recorded with the shortest echo time of 2.9 ms allowed good visualization and delineation of the LV myocardium, whereas images recorded with an echo time of 6.0 ms were more suitable to determine the size of the hypointense area. In addition, gradient-echo images with 2 echo times allowed estimation of the apparent transverse relaxation time T2*, which was Ϸ10 ms in healthy myocardium and corresponded with the postmortem results (see the Methods section in the online-only Data Supplement).
To link local cardiac function with the molecular MRI response, the myocardium was divided into 8 radial segments and categorized as infarct/border zone or remote myocardium ( Figure 1C ). Next, the size of the hypointense area was quantified for each segment. For MI mice injected with cNGR-pQDs, the hypointense area was located mostly in the infarct/border zone and to a much lesser extent in the remote area (Table 2 ). Furthermore, the hypointense area in the infarct/border zone was significantly larger for MI mice injected with cNGR-pQDs compared with unlabeled pQDs, indicating a higher local contrast agent concentration in the former. No significant differences were found between the 2 groups in the remote myocardium. For comparison with sham-operated mice, the whole myocardium was considered because no segmentation was performed in these mice. A larger hypointense area was found for MI mice injected with cNGR-pQDs than for sham-operated mice ( Table 2) . Additionally, the Figure 2 . Short-axis gradient echo images with an echo time (TE) of 2.9 ms (top row) and 6.0 ms (bottom row) for an MI mouse injected with cNGR-pQDs (left), an MI mouse injected with unlabeled pQDs (middle), and a sham-operated mouse injected with cNGR-pQDs (right). Short-TE images allow better visualization of the anatomy, whereas the longer-TE images show stronger pQD-induced negative contrast. A large hypointense area is seen for MI mice injected with cNGR-pQDs (arrowheads), which is much smaller or absent in the other groups. In this specific case, the infarction extended also into the posterior wall. Note that for sham-operated mice, the LV is not dilated and the right ventricle is therefore visible on short-axis images (asterisk on top right). The infarct/border zone and remote area were defined as explained in Figure  1 . The whole myocardium was considered for comparison with sham-operated mice because no segmentation was performed in these mice. A Kruskal-Wallis test with multiple comparisons for 3 groups revealed a P value of 0.024 in the whole myocardium. NA indicates not applicable.
Results of pairwise comparisons are *PϽ0.05 vs unlabeled pQDs; †PϽ0.05 vs sham-operated mice.
contrast-to-noise ratio was calculated for infarct/border and remote myocardium versus skeletal muscle ( Table 3 ). The most negative contrast-to-noise ratio, indicating lower signal intensity for the myocardium, was found for the infarct/border zone of MI mice injected with cNGR-pQDs, whereas a considerably higher contrast-to-noise ratio was found in sham-operated mice.
Contrast Agent Retention
The retention of cNGR-pQDs and unlabeled pQDs in the infarct/border zone of the heart was evaluated by measuring the size of the hypointense area as a function of time after contrast administration ( Figure 3 ). For cNGR-pQDs, an increase was observed, indicating contrast agent accumulation, which peaked at Ϸ1 hour after contrast injection. For unlabeled pQDs, the hypointense area was smaller than for cNGR-pQDs at all of the investigated time points. There was a slight peak at 40 minutes after contrast, after which the image contrast remained more or less constant. Using a random-effects model, statistical analysis of the time course revealed a trend (Pϭ0.08) that the hypointense area remained larger for cNGR-pQDs compared with unlabeled particles over time. Taken together, the time-series data show retention of cNGR-pQDs in the infarct/border zone up to 2 hours after contrast, which was considerably less for unlabeled pQDs and corresponds with previous work. 13
Microvascular Structure and Remodeling
TPLSM images recorded in the infarct area, border zone, and remote myocardium showed remarkable differences in microvascular morphology (Figure 4 ). In remote regions, numerous small, parallel-oriented vessels were found, following the orientation of the cardiomyocytes. 13 In contrast, the number of vessels was 2-fold lower in the infarcted area ( Table III in the online-only Data Supplement) , which appeared rather heterogeneous and contained avascular regions. Furthermore, vessels in the infarcted area lacked a distinct organization and had a 2-fold larger diameter than in the remote region. In the border zone, a mixed morphology was observed: Both small and larger vessels were found, and the organization was less structured compared with remote regions. Taken together, these findings clearly reveal microvascular remodeling in the infarction and border zones in response to myocardial ischemia.
Contrast Agent Localization
Both cNGR-labeled and unlabeled pQDs were located in the infarct and border zones and were detected only sparsely in the remote myocardium ( Figure 5 ). Infarct and border zone could not be distinguished by QD contrast or localization but were rather apparent from vascular morphology. Therefore, these 2 regions were grouped in the subsequent analysis.
In the infarct/border zone, cNGR-pQDs were found mainly to colocalize with vascular endothelial cells ( Figure 5 ), which concurs with earlier results. 13 As an example, Movie III in the online-only Data Supplement shows a 3-dimensional TPLSM imaging stack obtained at increasing depths, with abundant colocalization of cNGR-pQDs with endothelial cells in the infarct area. Although intravascular and extravascular cNGR-pQDs were also observed, they were 3 times less frequent. In contrast, unlabeled pQDs were observed mainly in the extravascular space, with intravascular or colocalized unlabeled pQDs being 2-fold less frequent. Furthermore, the amount of extravasated unlabeled pQDs in the infarct region was Ϸ2fold less compared with the number of bound cNGR-pQDs is this area ( Table III in the online-only Data Supplement). TPLSM data therefore support that cNGR-pQDs bind specifically to activated endothelial cells of angiogenic vessels in the infarct/border zone of the myocardium, whereas unlabeled pQDs do not. In sham-operated mice, considerably fewer cNGR-pQDs were found compared with MI mice. If present, cNGR-pQDs were found to be intravascular and not colocalized with endothelial cells. Contrast is defined as the signal in the myocardial tissue minus that in skeletal muscle. Differences were not statistically significant. NA indicates not applicable. 
Discussion
Present Findings
Here, we demonstrated the applicability of molecular MRI for detecting myocardial angiogenesis in vivo in a murine model of acute MI. Compared with standard delayed enhancement imaging, which can only detect infarct size and location on the basis of passive extravasation and abnormal wash-in and washout of a small contrast agent in the infarcted tissue, 27 the presented method provides unique information on the angiogenic status of the myocardium. First, a strong negative contrast effect was observed in the infarct region/border zone with cNGR-labeled pQDs that was mostly absent in shamoperated mice or in MI mice injected with unlabeled pQDs. Second, a lower contrast-to-noise ratio was found in the remote myocardium of both MI groups compared with the sham-operated mice. This may be explained by the development of myocardial hypertrophy (Table 1) because an increase in muscle tissue is normally accompanied by expansion of the vascular network and hence angiogenic activity. This is supported by TPLSM in which QDs were indeed found in the remote myocardium, although to a much lesser extent than in the infarct and border zones. Previous studies showed that significant differences resulting from hypertrophy could only be detected starting at 8 weeks after MI in rats. 28 This may explain the absence of statistical significance in the present molecular MRI data acquired at 1 week after MI. Third, administration of cNGR-pQDs resulted in a larger hypointense area in the infarct/border zone than unlabeled pQDs, indicating specific accumulation of cNGR-pQDs in this area. This corresponds with intravital microscopy results, showing that injection of a cNGR-labeled fluorophore resulted in a significantly higher signal in the infarct/border zone compared with unlabeled fluorophore. 13 Fourth, TPLSM investigation revealed a remarkably different vascular morphology in the infarct and border zone compared with remote myocardium, indicating vascular adaptation and remodeling in response to myocardial ischemia. This concurs with results of Grass et al, 29 who described a transition into vascular The dashed line indicates that tissue classifications are not applicable to shamoperated mice. Arrowheads and asterisks denote colocalized and extravasated pQDs, respectively. For both MI groups, pQDs were found mainly in the border zone and infarct areas. Colocalization was most often observed for cNGR-pQDs, whereas unlabeled pQDs were found to extravasate more. In sham-operated mice (G), fewer cNGR-pQDs were observed vs MI mice. See Movie III in the online-only Data Supplement for the 3-dimensional data stack of C. Image sizeϭ179ϫ179 m 2 . Green indicates vasculature (␣CD31-FITC); red, cNGR-pQDs.
remodeling with relatively large-caliber vessels crossing the infarct area at 7 days after MI. Fifth, TPLSM showed that both cNGR-pQDs and unlabeled pQDs were present in the infarction and border zone. cNGR-pQDs were found to colocalize with vascular endothelial cells, whereas unlabeled pQDs were found mostly in the extravascular space. This finding further supports the specificity of cNGR-pQDs for angiogenic vessels in the heart. Taken together, these results demonstrate that cNGR-pQDs are suitable for selectively detecting post-MI angiogenesis in the heart using in vivo molecular MRI and ex vivo TPLSM.
Contrast Agent
QDs were applied as contrast agent scaffold to allow noninvasive molecular MRI of the infarcted murine heart, validated by postmortem TPLSM. Although cNGR-labeled pQDs could selectively detect myocardial angiogenesis, the method cannot be translated directly into clinical trials. QDs have a cadmium-selenium core and accumulate mainly in the liver and spleen, 14 and their long-term toxicity is still unknown. Nevertheless, the present data demonstrate that cNGR selectively targets the contrast agent to angiogenic neovessels in the heart, which corresponds with previous studies. 13 Furthermore, validation of the MRI results with a subcellular resolution technique such as TPLSM is a necessary step in the development and evaluation of novel contrast agents. Once the targeting efficacy is fully established, cNGR could be coupled to more clinically applicable particles such as ultrasmall superparamagnetic iron oxide particles. These particles generate sufficient changes in image contrast, are cleared from the body, and were proven to be safe, even in patients with impaired renal function. 30 In light of the advantageous short plasma-half life of pQDs (vide infra), using larger and fast clearing SPIO particles may also be suitable. The applicability of cNGR-labeled (ultra)small superparamagnetic iron oxide particles for cardiac imaging is a topic of future research.
Although pQDs were designed as a positive contrast agent by labeling QDs with multiple Gd-DTPA moieties, as observed in previous tumor angiogenesis studies, 14 a strong negative contrast was observed in the myocardium. We suggest the following explanation. First, for proper T1 weight in gradient-echo imaging and consequent positive contrast, T2* relaxation effects can be minimized by setting the echo time much lower than tissue T2*. With echo times of 2.9 ms (shortest possible) and 6.0 ms and a tissue T2* of 10 ms, this was clearly not the case. Second, a hypothetical relaxation mechanism leading to negative contrast is presented in the Methods section in the online-only Data Supplement.
Postmortem relaxation time quantification (Methods section in the online-only Data Supplement) revealed higher T1 and T2 values in infarcted myocardium compared with remote areas. This corresponds with previous studies 31, 32 and can be explained by edema in the infarction. Therefore, any small contrast agent-induced reduction in T1 or T2 in the infarct/border zones may have been canceled by these intrinsic relaxation time differences. In contrast, the postmortem T2* was found to be lower in infarcted myocardium compared with the remote area, which is likely related to increased capillary recruitment. 33 Combined with the T2*shortening effect of the contrast agent, this may have resulted in an enhanced contrast that exceeded the detection limit of MRI. In addition, any T1 contrast may have averaged out as a result of partial volume effects. In contrast, T2* is considerably less affected by partial volume effects. Taken together, the intrinsic differences in relaxation times between infarcted and healthy myocardium and the different dependence of T1 and T2* contrast on partial volume effects may explain the absence of any detectable T1 contrast and why T2* contrast was more dominant in detecting the presence of cNGR-pQDs in the heart.
Molecular Imaging
In the present MRI protocol, only postcontrast imaging was performed to reduce the total examination (ie, preparation and imaging) time. This was especially important for MI mice, which had a considerably reduced maximum tolerated imaging time compared with healthy mice because of their impaired cardiac function. The 2 control groups (MI mice injected with unlabeled pQDs and sham-operated mice injected with cNGR-pQDs) provided sufficient control evidence to justify the absence of precontrast images. In addition, comparison between infarct/border zone and remote myocardium could be performed in the same animal because both myocardial areas were present within the imaging slice. In future clinical applications, only the difference between infarct and remote myocardium would likely be evaluated.
Besides imaging angiogenic activity via endothelial cell targeting, other processes can be exploited for cardiac molecular imaging, including matrix metalloproteinase activity, 34, 35 blood coagulation factor XIII related to infarct healing and ventricular remodeling, 36 cardiomyocyte apoptosis, [37] [38] [39] and fibrosis. 24 A major advantage of endothelial cell targets is their easy accessibility from the bloodstream, resulting in relatively quick binding of the intravascular contrast agent to the target and high local concentrations. This is especially important in light of the short plasma circulation time of the currently applied contrast agent. From a clinical viewpoint, fast target binding and plasma clearance are also advantageous because they would allow the complete examination to be finished within a clinically acceptable timeframe. In contrast, imaging of an intracellular target would be performed at least 24 hours after contrast administration to allow sufficient contrast agent uptake, as is seen, for instance, in lymph node imaging. 40 An important issue regarding molecular imaging of the human heart is the spatial resolution of clinical MRI (Ϸ1 mm) versus nuclear imaging (5 to 10 mm). 41 This implies that clinical MRI, in contrast to nuclear methods, can spatially resolve pathologically different regions/features in the radial direction of the myocardial wall, detect infarct size and transmural extent, and the adjacent area at risk, and localize the expression of angiogenic biomarkers with respect to morphological details of the infarcted myocardium. Because the area at risk is the part of the myocardium that is potentially salvageable upon revascularization, accurate detection of this area could have implications for the therapeutic strategy.
Practical Applications
Several future (pre)clinical applications can be envisioned for molecular MRI of myocardial angiogenesis. First, it provides information on global and local cardiac function (eg, EF and endocardial radial shortening) and the level of angiogenic activity within a single imaging session. It may therefore be applied for the early in vivo evaluation of the response to angiogenic treatments in both preclinical and clinical studies. In addition, molecular MRI may provide a surrogate marker of therapeutic efficacy and can serve as a timely end point in clinical trials. Second, future improvements in myocardial perfusion and function may be predicted from the early angiogenic response. Third, measurement of baseline angiogenic activity may allow risk stratification, development of individualized therapy, and patient selection for clinical trials. One may argue that patients with a limited level of angiogenesis have the largest need for proangiogenic therapy and may therefore benefit the most. It has also been suggested that these patients apparently have a failed natural angiogenic response and will therefore be more resistant to exogenous angiogenic stimuli. 7 Fourth, conjugation of an imaging label to proangiogenic drugs may allow monitoring of drug delivery. Fifth, the presented method to detect angiogenesis in the mouse heart opens the way for studies in transgenic/knockout animals, which may provide novel insights into the mechanisms of vascular adaptation and remodeling in the heart and the roles of individual genes in these processes.
Conclusions
cNGR-labeled pQDs allowed specific detection of post-MI myocardial angiogenesis, as shown by the strong contrast observed in the infarcted mouse heart on molecular MR images and by the colocalization of cNGR-pQDs with vascular endothelial cells as detected by TPLSM. In addition, TPLSM provided unique, detailed information on microvascular structure and remodeling in different regions of the heart.
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